Mixed hematopoietic chimerism may provide a treatment for patients with nonmalignant hematologic diseases, and may tolerize patients to organ allografts without requiring chronic immunosuppression. However, the toxicity of the usual conditioning regimens has limited the clinical applicability of this approach. These regimens generally include some level of whole body irradiation (WBI), which is thought to facilitate engraftment either by making room for donor hematopoietic stem cells or by providing sufficient host immunosuppression to enable donor cells to engraft. Here, we have established mixed chimerism across both minor and major histocompatibility barriers in swine, by using high doses of peripheral blood stem cells in the absence of WBI. After mixed chimerism was established, swine leukocyte antigen-matched (SLA-matched) donor skin grafts were tolerated and maintained for a prolonged period, whereas third-party SLA-matched skin was rejected promptly. Donor-matched kidney allografts were also accepted without additional immunosuppression. Because of its low toxicity, this approach has potential for a wide range of clinical applications. Our data may indicate that niches for engrafting stem cells are filled by mass action and that WBI, which serves to empty some of these niches, can be omitted if the donor inoculum is sufficiently large and if adequate host T-cell depletion is achieved before transplant.
Introduction
There are numerous clinical situations for which bone marrow transplantation (BMT) might be the treatment of choice. However, standard preparative regimens for BMT generally include whole body irradiation (WBI) to create space (1) or sufficient immunosuppression (2) for bone marrow engraftment. Such regimens are so toxic on their own that few patients are offered this option until they are late in the course of their disease. These situations include patients with hemoglobinopathies, such as sickle cell disease and thalassemia (3) (4) (5) , as well as patients with end-stage organ failure, who could be treated by allogeneic organ transplantation without the complications of long-term immunosuppression, if they could be made tolerant by BMT (6, 7) . For this reason, recent studies in this laboratory have been directed toward developing means of establishing mixed hematopoietic chimerism using nonmyeloablative and relatively nontoxic conditioning regimens.
In mice, long-term hematopoietic engraftment has been achieved in unconditioned recipients by injection of high doses of syngeneic bone marrow (8, 9) . More recently, this approach has been extended to the achievement of hematopoietic engraftment and donorspecific tolerance across a full MHC barrier using sublethal irradiation (10) or without myelosuppressive host conditioning, by using depleting mAb's, local thymic irradiation, and very high doses of MHC-mismatched bone marrow cells (11) .
These results are extremely promising for our clinical goals. However, for a variety of reasons, engraftment may be easier to achieve in mice than in large animals and humans, and many regimens that have been successful in mice have not been effective clinically (12) (13) (14) (15) . Testing in a large animal model is therefore critical to extending this nonmyelosuppressive approach to the establishment of hematopoietic chimerism for human transplantation. Stable mixed chimerism after BMT has been demonstrated in dogs, using dog leukocyte antigen-identical (DLA-identical) littermates (2, 16) . Recently we have also been successful in establishing stable mixed chimerism across swine leukocyte antigen-matched (SLA-matched) barriers in sublethally irradiated miniature swine (17) . To date, mixed chimerism has not been achieved across full MHC barriers in large animal models without significant myelosuppression.
In the present study, we have extended our nonmyeloablative protocol, making it nonmyelosuppressive, by eliminating WBI from the conditioning regimen used to allow hematopoietic cell transplantation. Transplants were performed across full major histocompatibility antigen mismatches, as well as across minor histocompatibility antigen mismatches, using high doses of peripheral blood stem cell (PBSC) as a source of hematopoietic cells. Tolerance was confirmed in these animals by skin grafting or transplantation of donormatched kidney allografts.
Methods
Animals. Transplant donors and recipients were selected from our herd of MGH partially inbred, MHC-defined miniature swine. PBSC donors were 4-8 months old and weighed 30-50 kg. Recipients were 8-12 weeks old and weighed 5-15 kg. The immunogenetic characteristics of this herd and intra-MHC recombinant haplotypes have been described previously (18, 19) .
PBSC collection and infusion. PBSC collection has been described previously (20, 21) . A stem cell-mobilizing regimen consisting of recombinant porcine stem cell factor (pSCF; 100 µg/kg) in combination with recombinant porcine-IL-3 (pIL-3; 100 µg/kg) (both from Biotransplant, Boston, Massachusetts, USA), with or without recombinant human G-CSF (rhu G-CSF; Amgen Inc., Thousand Oaks, California, USA), was administered subcutaneously. Collection of PBSCs was achieved by leukapheresis (COBE BCT Inc., Lakewood, Colorado, USA) beginning on day 5 of cytokine therapy and continuing daily for 3 or 6 days. PBSC, either fresh or frozen and quickly thawed, were adjusted to a concentration of 2.0 × 10 8 /mL, and the appropriate volume was infused through the intravenous line over a 15-to 20-minute period. PBSCs were administered on day 0.
Thymic irradiation. Thymic irradiation (TI) was administered on day -2. Irradiation was administered to a single field encompassing the thymus, defined by an x-axis including the width of the jaw and a y-axis including the distance from the top of the sternum to the temporomandibular joint. The average radiation field size was 10 × 4 cm with a source separation distance of 78 cm. The defined field was irradiated with 700 cGy or 1,000 cGy from a cobalt irradiator source at a rate of 175 cGy/min and to a tissue depth of 2 cm.
Peripheral blood T-cell depletion. T-cell depletion was achieved using the reagent pCD3-CRM9, a new mutant Diphtheria toxin-anti-swineCD3 conjugate (22) . On day -2, 0.05 mg/kg pCD3-CRM9 was administered intravenously to recipient animals.
CyA treatment. Recipients received CyA through a gastric tube (Neoral; Novartis Pharmaceuticals, East Hanover, New Jersey, USA) at 15-30 mg/kg/d in divided doses from day -1 to day 30 to maintain a blood level of 300-800 ng/mL.
Antibodies and flow cytometry. The following swine-specific antibodies were used to monitor depletion and recovery of cell populations in the pig by flow cytometry after pCD3-CRM9 administration and PBSC infusion: anti-CD1 mouse mAb 76-7-4 (mouse IgG2aK) (23); anti-CD3 mouse mAb 898H2-6-15 (mouse IgG2aK) (24); anti-CD3a mAb BB23-8E6 IgG1, and anti-CD5 mAb BB6-9G12 IgG1 provided by M. Pescovitz (Indiana University, Indianapolis, Indiana, USA; ref. 25) . Flow cytometry was performed using a Becton Dickinson FACScan (San Jose, California, USA). Unseparated heparinized peripheral blood (PB) was distributed into staining tubes (Falcon 2054) at 100 µL/tube and washed twice using 2 mL flow cytometry buffer (HBSS containing Ca 2+ and Mg 2+ /0.1% BSA/0.1% NaN 3 ). Cells were stained with optimal concentrations of the primary mouse anti-pig mAb (either unconjugated or FITC conjugated) for 30 minutes at room temperature. For indirect staining, goat anti-mouse Ig (H&L) FITC (GAMF) (Sigma Immunochemicals, St. Louis, Missouri, USA) was added for an additional 30 minutes at room temperature. For detection of immunotoxin-coated cells, second step reagent alone was added. To determine the percent of donor cells among peripheral blood cell populations, PB was incubated with the pig monocyte/granulocyte-specific FITCconjugated mAb SWC3a 74-22-15 (Balb/c, IgG1K) (23) together with either the donor-specific biotin-conjugated mAb 1038H-10-9 (B10.PD1, IgMK) specific for pig allelic antigen (PAA) (26) or an IgM isotype-matched negative control mAb, followed by phycoerythrin streptavidin (PESA; PharMingen, San Diego, California, USA). Red blood cells were lysed, and the white cells were fixed using FACS lysing solution (Becton Dickinson) before acquisition. Data were analyzed using Winlist list mode analysis software (Verity Software House, Topsham, Maine, USA). For flow cytometry of thymus cell suspensions, cells were distributed into tubes at 1 × 10 6 cells per tube. Staining was identical to that already described here except that no FACS lysing solution was added. Propidium iodide was added immediately before acquisition in order to exclude dead cells.
Histology. Thymic tissues were obtained by sequential biopsies. Formalin-fixed tissue sections were stained with hematoxylin and eosin (H&E) and examined microscopically. For immunohistochemical study of thymus in animals receiving single haplotype-mismatched PBSC, frozen tissues were used, and sections were stained with the mAb16-7-D4 (27) , specific for SLA c class I (donor type), using indirect immunoperoxidase technique. To identify the lineage of SLA c class I-positive cells (donor cells), frozen tissues were stained using sequential immunoperoxidase and immunoalkaline phosphatase techniques to detect keratin (DAKO A/S, Glastrup, Denmark) or ISCR 3, specific for SLA class II DR. Control stains were performed by substitution of the primary antibody with an irrelevant murine mAb.
Skin grafts. Skin grafts were performed by techniques published previously (28) . Briefly, split-thickness skin was harvested from the donor and placed on a deep split-thickness bed on the recipient's dorsal thorax. Grafts were examined daily until rejection occurred. Rejection was determined macroscopically and defined as diffuse cyanosis and induration of the graft.
Kidney transplantation. The surgical procedures used for kidney transplants have been described in detail previously (29, 30) . A semipermanent indwelling Hickman silastic central venous catheter was placed surgically into the external jugular vein. The catheter facilitated CyA administration and frequent blood sampling for monitoring of renal function, and in vitro assays. Rejection was monitored by plasma creatinine tests and histological examination of biopsy tissue.
Preparation of PBMCs. For separation of PBMCs, freshly heparinized whole blood was diluted 1:2 with HBSS (GIBCO BRL, Gaithersburg, Maryland, USA), and mononuclear cells were obtained by gradient centrifugation using lymphocyte separation medium (Organon Teknika, Durham, North Carolina, USA). The mononuclear cells were washed once with HBSS, and contaminating red cells were lysed with ammonium chloride potassium buffer (B&B Research Laboratory, Fiskeville, Rhode Island, USA). Cells were then washed with HBSS and resuspended in tissue culture medium. All cell suspensions were kept at 4°C until used in cellular assays.
Cell-mediated lympholysis. Media for cell-mediated lympholysis (CML) cultures consisted of RPMI 1640 (GIBCO BRL) supplemented with 6% FCS (Sigma Chemical Co., St. Louis, Missouri, USA), 100 U/mL penicillin, 135 µg/mL streptomycin (GIBCO BRL), 50 µg/mL gentamicin (GIBCO BRL), 10 mM HEPES (Fisher Scientific, Pittsburgh, Pennsylvania, USA), 2 mM L-glutamine (GIBCO BRL), 1 mM sodium pyruvate (BioWhittaker Inc., Walkersville, Maryland, USA), and 5 × 10 -5 M β-2 mercaptoethanol (Sigma Chemical Co.). Media used for the effector phase of CML assays consisted of Basal Medium Eagle (GIBCO BRL) supplemented with 6% serum replacement medium (Sigma Chemical Co.). CML assays were performed as described previously (29, 30) . Briefly, lymphocyte cultures containing 4 × 10 6 responder and 4 × 10 6 irradiated (25 Gy) stimulator PBMCs in 2 mL of medium were incubated for 6 days at 37°C in 7% CO 2 and 100% humidity. Bulk cultures were harvested, and effector cells were tested on 51 Cr-labeled PHA blasts. The tests were run at serially diluted effector/target ratios (100:1, 50:1, 25:1, 12:1). After 5.5 hours of effector cell incubation with the 5 × 10 3 targets, the supernatants were harvested and 51 Cr release was determined on a gamma counter. Baseline levels were measured as the rate of spontaneous release of 51 Cr from 5 × 10 3 targets. The results were expressed as percentage specific lysis: % specific lysis = [experimental release (cpm) -spontaneous release (cpm) / maximum release (cpm) -spontaneous release (cpm)] × 100.
Results
Conditioning regimen. Animals were conditioned with a nontoxic protocol consisting of TI and in vivo T-cell depletion before donor cell infusion. The dose of TI and donor PBSCs were increased during the course of these experiments to achieve consistent engraftment across full mismatch barriers. Figure 1 is a schematic diagram of the preparative regimen for hematopoietic cell transplantation that was used in all subsequently transplanted animals. A summary of animals receiving PBSC transplantation (PBSCT) under this protocol is shown in Table 1 .
PBSC mobilization and collection. We have recently demonstrated that a combination of porcine pSCF, pIL-3, and human G-CSF could be used to mobilized stem cell progenitors into the peripheral blood of miniature swine and that stem cell progenitors mobilized under these conditions were capable of reconstituting a lethally irradiated animal (20) . After cytokine treatments, white blood cell counts in one representative donor animal rapidly rose to a peak of approximately 80 × 10 3 /mm 3 . PBSCs were collected by leukapheresis on days 5-7, and 18 × 10 10 mononuclear cells were collected. This mobilization procedure thus provides more than 10 times the number of cells achieved by bone marrow harvest from vertebral bodies and long bones (31) and more than 50 times the number of cells achievable by harvests from living donors (31) .
Peripheral blood T-cell depletion in conditioned recipients. The establishment of mixed chimerism depends on effective in vivo T-cell depletion of the recipient (22) . Figure 2 shows the course of peripheral blood T-cell depletion from pretreatment to the time of donor cell infusion. More than 90% peripheral blood T-cell depletion was achieved by day 0 in animals that received 700 cGy TI and anti-CD3 immunotoxin, and more than 98% T-cell depletion was achieved by day 0 in animals that received 1,000 cGy TI and immunotoxin. In addition, the few remaining peripheral T cells were almost entirely coated with antibody by day 0. It should be noted that the vascular leak syndrome associated with immunotoxin treatment (32, 33) has never been observed in this protocol.
Lack of significant myelosuppression and organ toxicity in conditioned recipients. Potential toxicities associated with this approach were monitored by several parameters, including daily complete blood count and weekly creatinine and liver function tests, including serum glutamic oxaloacetic transaminase and serum glutamic pyruvic transaminase. No toxicity was observed due to the treatment regimen, and both renal and liver function tests were consistently normal except during the brief documented episodes of graft versus host disease (GvHD), which occurred in animals nos. 13100 and 13101. Figure 3 shows the white blood cell (WBC) and platelet counts in the six animals treated with T-cell depletion and either 700 cGy or 1,000 cGy TI. The nadir WBC count generally occurred on day 0 and was 2,000-7,000/µL. A rapid increase in WBC count and stabilization at more than 5,000/µL occurred within 2-4 days (Figure 3a) . Thus, clinically significant leucopenia did not follow conditioning for PBSC transplantation (PBSCT). The platelet level was generally maintained at more than
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The 100,000/µL, and platelet infusions were not required (Figure 3b ). The general condition of the animals receiving this treatment regimen was very stable, and infection was never observed.
Analysis of engraftment and tolerance in animals receiving high-dose SLA-identical PBSC infusion
Multilineage peripheral blood chimerism. Chimerism was measured by flow cytometry using our PAA mAb, which recognizes a pig allelic antigen present on all swine leukocytes (26) . Donor and recipient animals were selected that were PAA+ and PAA-, respectively, to facilitate chimerism detection. Animals nos. 12757 and 12963 were treated with 700 cGy TI, pCD3-CRM9 0.05 mg/kg, 30 days of CyA administration, and 100 × 10 8 /kg SLA-identical PBSC infusion. In both animals, lymphocyte chimerism was achieved and rose rapidly after day 20, peaking at approximately 40% (Figure 4a) . One animal showed a transient decrease in lymphocyte chimerism after cessation of CyA treatment. In both animals, chimerism gradually decreased at days 40-60, reaching a stable level of 15-20%, which was maintained for more than 300 days. Chimerism in the myeloid (monocyte and granulocyte) lineages was present at the 5-10% level and was also maintained for more than 300 days. Thymic chimerism. Thymic biopsies taken in the first 2 weeks revealed an atrophic thymus in both animals after TI (data not shown). By 20 days after transplant, the thymus began to grow, as assessed by visualization at biopsy. Thymic chimerism increased rapidly at this time, peaking on day 45. Thereafter, thymic chimerism decreased, stabilizing at 5-10% by day 60 and remaining at that level for more than 300 days in both animals (Figure 4b) .
Skin grafts. Skin grafts were performed on day 60 to test for the establishment of donor-specific tolerance. One animal accepted the donor skin graft indefinitely (> 250 days), and the other animal showed prolonged donor skin graft survival, but rejected on day 45. Both animals rejected MHCmatched third-party skin grafts completely by 10 days ( Table 2 ). As shown in Figure 4 , both animals achieved successful lymphohematopoietic engraftment, and stable levels of thymic and peripheral chimerism were maintained in these animals even after skin grafting. The significance of these skin graft survival times is discussed later here.
Engraftment in animals receiving high-dose single haplotype-mismatched PBSC infusion 700 cGy TI. The same protocol (700 cGy TI, T-cell depletion, and 100 or 150 × 10 8 /kg donor PBSCs) was applied to two single haplotype-mismatched recipients. One of these animals (no. 12885) showed a level of 5-10% lymphocyte chimerism on day 30. However, after cessation of the CyA, this level gradually decreased, and, despite an additional infusion of 20 × 10 8 /kg mobilized PBSCs from the same donor, chimerism could not be detected after day 50. Chimerism in the myeloid lineage was barely detectable from the beginning (Figure 5a ). In addition, thymic chimerism in this animal was never detectable, even though the thymus appeared healthy and growing on days 38 and 45 as assessed by visualization at biopsy. In the second animal (no. 13476), engraftment was achieved with a high level of lymphoid chimerism (50-60%) from the beginning. Myeloid chimerism stabilized to approximately 25-30% by day 20, but then fell after day 50 to become almost undetectable. Thymic chimerism was detected in biopsies performed on day 28 (15%), rose by day 40 (40%), but fell again on day 60 (14%) and was absent by day 98. Chimerism in lymphoid lineages persisted in this animal after cessation of CyA on day 30, but appeared to be gradually decreasing by day 300 (Figure 5a) . No clinical signs of GvHD have been observed.
TI (1,000 cGy).
The results described here suggested that the preparative regimen was sufficient to permit engraftment of MHC-matched PBSCs, but was probably at the threshold for permitting engraftment across an MHC barrier. We have previously studied lymphohematopoietic engraftment in other species conditioned with a regimen of sublethal WBI plus TI. In both mice (1) and monkeys (34), we found that successful engraftment could be achieved across MHC barriers using 300 cGy WBI and 700 cGy TI. In these regimens, the total irradiation to the thymus is 1,000 cGy. We reasoned that the failure of engraftment in animal no. 12885 may have been due to insufficient total TI. Therefore, the level of TI in this "no WBI" regimen was increased to 1,000 cGy for subsequent single haplotype SLA-mismatched animals.
Two animals (nos. 13100 and 13101) treated with 1,000 cGy TI, T-cell depletion, 30 days of CyA, and 100 × 10 8 to 200 × 10 8 /kg donor PBSCs both engrafted and developed mixed chimerism (Figure 5b ). Animal no. 13100 showed 60-70% chimerism for the first 3 weeks, but this level decreased dramatically after cessation of CyA on day 30. Shortly thereafter, the animal developed a high fever, a high WBC count, and became less active, presumably reflecting the onset of GvHD (see later here). This animal recovered spontaneously by day 36. Concurrent with recovery, donor lymphocyte chimerism rapidly increased, and 70-80% lymphocyte chimerism was achieved and maintained from day 40 to the time of sacrifice on day 73. The level of chimerism in the myeloid lineages was lower than in the lymphocyte lineage (10-20%) at all periods ( Figure  5b ). Thymic chimerism in this animal reached 4-7% by day 35, at which time the animal showed thymic atrophy, probably induced by GvHD.
Animal no. 13101 achieved 80% donor lymphocyte chimerism by the second week and maintained this level for more than 120 days. Donor chimerism in the myeloid lineage increased by the second week and was subsequently maintained at 40-50% until day 40. At this time, the animal showed a transient increase (80%) in myeloid chimerism through day 60, after which granulocyte chimerism increased and mono- cyte chimerism decreased (Figure 5b ). Thymic chimerism in this animal also reached 4-7% by day 35, at which time the animal also showed thymic atrophy. However, all signs of GvHD resolved by day 90, and the thymus began to grow, achieving normal size and 20% thymic chimerism by day 158 (Figure 6, a-e) . Figure 6a shows that donor PAA+ thymocytes determined by FACS were present among the immature CD1-positive thymocytes and among the mature CD3-high thymocytes. The animal remained a mixed chimera for more than 400 days after PBSCT, with 60% donor lymphocytes, 10% donor monocytes, and 5% donor granulocytes.
Histology. Figure 6 (b-e) shows the immunohistochemical staining of a thymic biopsy from animal no. 13101 on day 158 after transplantation. H&E staining revealed normal thymic structure with well-developed cortex and medulla (Figure 6b) . Using a donor-specific class I mAb, donor cells were clearly seen in the medullary region (brown cells in Figure 6c ). Double staining with anti-donor class I (blue) and cytokeratin (brown) in Figure 6d demonstrated that the donor cells in the medulla were not epithelial cells, whereas double staining for donor class I (blue) and pan-pig class II (brown) in Figure 6e demonstrated that the donor cells were class II positive, and their morphology was consistent with a dendritic cell type (Figure 6e) .
In both of these animals, clinical signs of GvHD, including grade 1-2 skin rash and diarrhea, were observed immediately after the cessation of CyA administration. The skin rash disappeared spontaneously in both animals. However, animal no. 13100 had to be sacrificed on day 73 owing to persistent diarrhea. The pathological examination confirmed that this animal suffered the complications of chronic GvHD, and not of toxicity due to the preparative regimen. In animal no. 13101, the diarrhea disappeared spontaneously, and the animal appeared healthy by day 90 and has remained healthy for more than 400 days.
Induction of tolerance as assessed by renal allografts. In two of these long-term mixed chimerism animals (nos. 13101 and 13476), we tested induction of tolerance by transplantation of an MHC donor-matched renal allograft. Animal nos. 13101 and 13476 received a donor-matched kidney allograft, on post-PBSCT days 190 and 98, respectively. In both cases, the PBSC donor and the kidney allograft donor were different animals, presumably differing for multiple minor antigen disparities. In both cases, the kidneys were accepted long term without the use of immunosuppressive medications after kidney transplantation. As shown in Figure 7a , both animals demonstrated a transient rise in plasma creatinine on postoperative day (POD) 17, as has been reported previously in this model for SLA-matched renal allografts differing for minor antigen disparities (35) . Thereafter the creatinines stabilized, and the animals continued to enjoy normal renal function with plasma creatinine levels at less than 1.5 mg/dL for more than 120 days. In both animals, kidney biopsies demonstrated minimal interstitial infiltration with mononuclear cells on PODs 30, 60, and 100. These findings are in contrast to previously reported data for animals receiving onehaplotype-mismatched kidney allografts without immunosuppression, all of which rejected kidney allografts by day 12 (36) . A representative control animal (no. 10653) is shown in Figure 7a .
In vitro evidence for tolerance and demonstration of immunocompetence. Figure 7 (b-e) shows the CML results for animal no. 13101(SLA ad ), in comparison to the responses of a naive host type animal (SLA ad ) run as a control in each assay (Figure 7b ). As also seen in Figure 7 , animal no. 13101 demonstrated significant anti-donor SLA ac response (> 20%) before receiving PBSCs (Figure 7c ). However, after PBSC administration, both before (Figure 7d ) and after ( Figure 7e 
Discussion
Protocols for the induction of lymphohematopoietic chimerism through BMT have generally included WBI as part of the preparative regimen (37, 38) . Even in situations in which immunosuppression of the recipient was achieved by the use of anti-T-cell antibodies, it has generally been thought that some level of WBI was still necessary to make "room" for the donor hematopoietic stem cell graft (1, 37) . However, it has recently been demonstrated that this requirement for room can be overcome by increasing the number of donor hematopoietic stem cells administered, the so-called "megadose" approach (8, 9) . This approach was demonstrated first for syngeneic bone marrow grafts (8, 9) and was subsequently shown to permit fully mismatched allogeneic marrow engraftment if conditioned with TI and recipient T-cell depletion (11) . The data are consistent with the possibility that niches for the engraftment of administered stem cells are filled by mass action, and that the effect of low-dose irradiation is to empty some of the niches, shifting the equilibrium in favor of administered cells. On the other hand, such irradiation would not be required if the donor inoculum were sufficiently large. An alternative explanation for these results might be that WBI serves to provide sufficient host immunosuppression to allow donor cells to engraft by creating their own space (2). However, the previous demonstration of a comparable effect of megadoses for syngeneic bone marrow (8, 9) would be more consistent with the mass action hypothesis.
Despite the excitement generated by the possibility of avoiding myeloablation in BMT protocols, the applicability of the megadose approach to large animals and human beings was considered limited, as the doses of bone marrow used were 10-100 times the usual dose, requiring harvests that would clearly not be feasible from living donors. However, the advent of PBSC technology has made it possible to obtain such megadose quantities of stem cells from living donors by stimulation with hematopoietic cytokines followed by leukapheresis (39) . Thus, in the present studies, leukapheresis on 3 consecutive days, after 1 week of cytokine administration, allowed us
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The to achieve a collection of 1.8 × 10 11 mononuclear cells, more than 50 times the number usually harvested from the bone marrow of comparable living donor animals. As demonstrated by the histology in Figure 6 (b-e), tolerance induced by these cells most likely involves central deletion by donor dendritic cells in the thymus. As demonstrated here, tolerance has been confirmed in these animals by acceptance of either skin grafts or vascularized organ allografts without immunosuppression. Another important facet of the preparative regimen required to achieve engraftment without WBI, is effective depletion of mature T cells from the recipient. Although such depletion has been possible with antisera and with mAb's in mice (40) , similar depletion in large animals and humans has been difficult to achieve (41, 42) . Previous studies in miniature swine have shown coating of peripheral T cells by such antibodies, without effective depletion (42) . However, the use of a toxin-conjugated anti-CD3 mAb (pCD3-CRM9) has now enabled depletion to an extent compatible with engraftment (22) . Use of a similar immunotoxin has been demonstrated to be effective in nonhuman primates (43) (44) (45) . Clinical protocols may eventually rely on such immunotoxins, or may be possible with new mAb's that have shown markedly effective T-cell depletion in humans (46, 47) but which unfortunately cannot be tested in nonhuman primates, as they are species-specific. Although CD3 immunotoxins have been reported to cause vascular leak syndrome in some protocols (32, 33) , no vascular leak syndrome has been observed in miniature swine treated with pCD3-CRM9 in this nonmyelosuppressive regimen without WBI.
Depletion of mature recipient and donor T cells is achieved in mice by the use of high doses of unconjugated mAb's. These antibodies remain active in the recipient plasma for 2 weeks after administration (48) and are thought to be responsible for subsequent depletion of donor T cells in the bone marrow inoculum, thus preventing GvHD. In contrast, T-cell depletion with pCD3-CRM9 involves treatment with a low dose of conjugated antibody, which is no longer active in the plasma by the time that donor PBSCs are administered (data not shown). We have therefore utilized a 30-day course of CyA in the present protocol in an attempt to prevent the induction of GvHD by donor T cells. This treatment was effective in preventing GvHD in recipients of SLA-matched transplants, but was only partially effective for SLA-mismatched transplants. We have therefore subsequently increased CyA treatment by tapering over an additional 30 days in the case of mismatched transplantation, and our preliminary data indicate that this additional treatment is effective in preventing this complication (Y. Fuchimoto et al., manuscript in preparation). In addition to its role in preventing GvHD, CyA may also help to facilitate engraftment by preventing residual mature T cells among host thymocytes from causing intrathymic rejection of donor cells (see later here).
Our data are consistent with previous murine studies and recent dog studies indicating that bone marrow space is not an absolute requirement for lymphohematopoietic engraftment (2, 8, 9, 11) . However, the importance of TI as part of the preparative regimen suggests that thymic space or elimination of thymic alloreactivity is an absolute requirement for the achievement of engraftment of MHC-mismatched marrow, a finding also supported by previous data in mice (1, 9, 48, 49) . Thus, in one of the two animals treated with only 700 cGy of TI, initial engraftment was lost shortly after treatment with CyA that was discontinued on day 30, and in the other animal, engraftment was more persistent but nevertheless not as stable as in animals treated with 1,000 cGy of TI. We reasoned that for MHC-mismatched reconstitution, additional TI might be necessary, as it is known that antibody-mediated depletion is less effective in the thymus than peripherally (1, 22) . When TI was increased to 1,000 cGy, the same total thymic dose received in nonmyeloablative protocols incorporating 300 cGy WBI plus 700 cGy TI was achieved (1) . In this setting, both recipients of one haplotype MHC-mismatched marrow engrafted. Immunological sites in addition to the thymus may be affected by the TI as administered. These sites would undoubtedly include some marrow tissue in the nearby ribs, vertebrae, and sternum, as well as the blood recirculating through the radiotherapy field during the course of irradiation. This additional irradiation could potentially affect engraftment by creating some marrow space or by suppressing the immune system to some degree. However these effects, if present, are clearly much less myelosuppressive and immunosuppressive than those of WBI. Thus, unlike recipients of sublethal WBI (17) , none of the animals receiving TI without WBI required any blood support or developed any signs of immunodeficiency after transplantation. Recent data in mice show that costimulatory blockade with CTLA4Ig and/or anti-CD40L antibodies is capable of enabling lasting engraftment without TI, probably because costimulatory blockade obviates the need for complete T-cell depletion (50) . Therefore, we may be able to eliminate all irradiation from the preparative regimen by incorporating costimulatory blockade into our no-WBI regimen, and studies along these lines are currently in progress.
One animal in this study demonstrated prolonged donor skin graft survival after an MHC-matched PBSC infusion, with eventual rejection of the skin graft by day 45. However, this animal nevertheless maintained peripheral and thymic mixed chimerism and accepted a heart transplant from the same donor (51) . These data suggest that despite the induction of central tolerance by donor PBSCs in this animal, skin-specific antigens to which the recipient was not tolerized by PBSCs were present on the donor skin graft. The other animal tested in the same way showed permanent donor skin survival. These data are consistent with what is known about skin-specific antigens in mice (52) (53) (54) . Because it is likely that only a few alleles for such skin-specific anti-gens exist within our swine herd, some animals could be expected to share common alleles by chance, and therefore a certain percentage of chimeric animals might be expected to accept skin grafts, whereas others would reject. The subject of skin-specific antigens in miniature swine will be discussed in detail elsewhere (Y. Fuchimoto, manuscript in preparation).
The ability to achieve hematopoietic stem cell engraftment without WBI has many advantages for clinical applications. Previous studies in miniature swine, using WBI as part of the preparative regimen, have produced pancytopenia over the first 2 weeks after bone marrow administration, necessitating blood product support (55) . Similar blood product support is required in most large animal models of BMT, as well as in humans (31, 56, 57) . However, as seen in the present studies, when engraftment and mixed chimerism are obtained without WBI, the recipient animals do not develop sufficient pancytopenia to require blood product support. Although the dangers of pancytopenia are acceptable in the treatment of hematologic malignancies, they pose a major impediment to the use of BMT in the treatment of less immediately life-threatening diseases, such as hemoglobinopathies. Likewise, if tolerance induction by BMT were possible without significant myelosuppression, our data indicate that this protocol might be applicable to the treatment of endstage organ failure by organ transplantation. We therefore believe that the extension of the "no WBI" approach to the establishment of mixed chimerism across MHC barriers may have important implications for the treatment of these non-life-threatening diseases through hematopoietic reconstitution.
